We selected five different ages of eucalyptus plantation sites to understand the culturable microbial functional diversity and the ecological functions of the soil from the eucalyptus plantations in Guangxi. We investigated the carbon source metabolic activity and diversity features of surface soil microbes using the Biolog EcoPlate method (Biolog Inc., Hayward, CA, USA), along with the microbial functional diversity and physicochemical properties of the soil. The results suggest that the carbon source utilization capacity of the soil microbes at various forest ages manifested as 3-year-old > 5-year-old > 2-year-old > 1-year-old > 8-year-old. The abundance, Shannon-Weiner, Pielou, Simpson, and McIntosh diversity indices of the soil microbes initially increased and then decreased with further increase in forest age, with the highest levels in 3-and 5-year-old forests. As per the heatmap analysis, the 3-year-old forest could metabolize the most carbon source species, while the 1-and 8-year-old forests could metabolize the least. Carbohydrates were the most frequently metabolized carbon source. The principal component analysis (PCA) shows that PC1 and PC2 extracted from the 31 factors have 52.42% and 13.39% of the variable variance, respectively. Carbohydrates contributed most to PCA, followed by amino acids and carboxylic acids, and phenolic acids and amines, the least. Canonical correspondence analysis shows that total carbon, alkali-hydrolyzable nitrogen, total nitrogen, total potassium, and pH negatively correlate with soil microbial functional diversity, whereas total and available phosphorus positively correlate with it. To sum up, the soil microbial community structure of eucalyptus plantations at various ages reflects the soil environmental conditions and nutrient availability, which is of great significance in the efficient management and high-quality operation of their plantations in Guangxi.
Introduction
Soil is a complex and dynamic ecosystem, composed of several abiotic and biotic components that constantly interact with each other. Microbes are important biological components of the soil [1] and play a crucial role in maintaining and facilitating the geochemical cycles [2] , organic from south subtropical to mid-subtropical. It has an average annual temperature of 21.5-22 • C, an average January temperature of 12.8-13.5 • C, average July temperature of 27.9-28.3 • C, a total annual accumulated temperature of 7190-8030 • C, an average annual precipitation of 1300-1800 mm, average annual evaporation of 1600 mm, and average relative humidity of 74.8%. The soil here has five subtypes (red, yellow, yellow-red, brown calcareous, and black calcareous). For our study we used latosolic red soil developed from sand shales [37] [38] [39] .
Plot Selection and Soil Collection
Eucalyptus plantation sampling points were set up at five forest ages in southeastern Guangxi's main eucalyptus production area. Three replicate plots separated by more than 200 m were established for each forest age [38] . With an individual size of 20 × 50 m, the plots shared identical site conditions and operational management measures. The surface soil (0-20 cm deep) from each sample plot was collected quincuncially using a 5-cm diameter soil auger in accordance with the forestry industry standards methodologies for field long-term observation of forest ecosystems (GB/T 33027-2016) [40] and mixed to obtain the test samples. After sieving the soil samples through quartering, they were divided into two portions, one stored in a 4 • C refrigerator for subsequent functional diversity measurement of soil microbial communities, and the other dried naturally and sieved for the analysis of soil physicochemical properties [41] . In Table 1 , the basic chemical properties of experimental soils are listed. Note: Different letters within the same column show significant differences (p ≤ 0.05). Abbreviations: TC-total carbon, TN-total nitrogen, TP-total phosphorous, AN-available nitrogen, AP-available phosphorous, AK-available potassium, and TK-total potassium. The same below.
Chemical Analysis and Biolog EcoPlate Technique

Soil Chemical Analysis
Soil pH was determined by electrode potentiometry. Its total carbon (TC) and total nitrogen (TN) were analyzed with an elemental analyzer (VARIOMAX CN, Elementar, Langenselbold, Germany). Total phosphorus (TP) was measured by NaOH fusion, Mo-Sb colorimetry, and ultraviolet spectrophotometry. Total potassium (TK) was measured by NaOH fusion and atomic absorption spectrometry. Available nitrogen (AN) was measured by alkaline hydrolysis diffusion and available phosphorus (AP) was measured by NaHCO 3 (0.5 mol·L −1 ) extraction, Mo-Sb colorimetry, and ultraviolet spectrophotometry. Available potassium (AK) was measured by NH 4 CH 3 CO 2 extraction and atomic absorption spectrometry [42, 43] .
Soil Microbial Metabolic Activity Analysis
Functional diversity of the soil microbes was determined by Biolog EcoPlate assay [10] . The plate has 96 wells and 31 different carbon source substrates (Table 2) ; the experiment was performed in triplicates by dividing the plate into three groups (n = 32 wells), with each group containing 31 carbon sources and one control well. Initially, 10 g of fresh soil was weighed and activated for 24 h at 25 • C, then placed in a triangular flask containing 100 mL of sterile NaCl solution (0.85%), sealed, shaken at 170 r/min on a 4 • C shaker for 30 min, and allowed to stand for 30 min [44] . After clarification, the suspension was diluted to 1000-fold, followed by inoculating 150 µL of the sample suspension into each well of the plate [45] . The inoculated plate was incubated in the dark at 25 • C, and the optical Forests 2019, 10, 1083 4 of 14 density was measured at 590 nm at 0, 24, 48, 72, 96, 120, 144, 168, 192, 216 , and 240 h after incubation with a Biolog reader [10] . 
Statistical Analyses
The metabolic activity of soil microbes was expressed by the average well color development (AWCD) [13] .
where Ci denotes the absorbance of each medium containing well; R denotes the absorbance of the blank control well; and n is the number of carbon source types (n = 31).
The AWCD values reached the stationary phase after 192 h of incubation for all the forest age groups. Hence, the OD value after 192 h of incubation was used to calculate the metabolic functional diversity indices of the microbial community structure, which included the Shannon-Weiner index (H), Pielou index (J), Simpson's index (D S ), McIntosh index (U), and abundance (R) [46, 47] .
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where S is the total number of carbon sources utilized, Pi denotes the ratio of the absorbance difference between the ith and the control wells to the total absorbance of the entire plate, and n i denotes the relative absorbance of the ith well. Microsoft Excel (Version 2013, Redmond, WA, USA) was used for statistically analyzing and mapping the data. The SPSS software (Version 21.0, Chicago, IL, USA) was used for performing the one-way analysis of variance (ANOVA), LSD (least significant difference) significance test of difference, and microbial hierarchical cluster analysis and plotting. The Origin (Version 9.1, Hampton, MA, USA) was employed for heatmap analysis, and the Canoco software (Version 5, Ithaca, NY, USA) was used for principal component and canonical correspondence analyses.
Results
Changes in Soil Microbial AWCD at Different Forest Age with Time
The AWCD values of soil microbiota at different forest ages gradually increased with time, suggesting that soil microbiota has an enhanced capacity to utilize the single carbon source when there is an extended interaction time between them ( Figure 1) . Notably, the AWCD values were small for the first 24 h, indicating that the carbon source was not utilized at all; between 24-48 h, the AWCD values of the 2-, 3-and 5-year-old forests began to increase slightly, whereas no clear changes were observed in the AWCD values of 1-and 8-year-old forests. The AWCD values rapidly increased between 48-192 h because during this period, the microbiotas were at their growth phase and the carbon sources were greatly utilized; after the growth phase, they entered the stationary phase stage at 192 h, with slow growth. During the entire culture period, the AWCD values at each forest age manifested as 3-year-old > 5-year-old > 2-year-old > 1-year-old > 8-year-old with the extension in incubation time; the AWCD values in the soil microbiota showed the greatest variation in 3-and 5-year-old forests, whereas they showed the least variation in 1-and 8-year-old forests, suggesting that the utilization rate of carbon source by the soil microbiota increased and then decreased with the increase in forest age. 
Changes in Soil Microbial Diversity Index at Different Forest Age
The difference in the type of carbon source utilized by a soil microbial community reflects the microbial diversity index and namely, the ecological characteristics of the soil microbes. As the inflection point for the AWCD values was 192 h, the data after 192 h of incubation were used to 
The difference in the type of carbon source utilized by a soil microbial community reflects the microbial diversity index and namely, the ecological characteristics of the soil microbes. As the inflection point for the AWCD values was 192 h, the data after 192 h of incubation were used to calculate the R, H, J, D S , and U ( Table 3 ). The H and J of the soil microbial community in eucalyptus plantations manifested as 3-year-old > 5-year-old > 2-year-old > 1-year-old > 8-year-old. Meanwhile, the D S , R, and U manifested as 3-year-old > 5-year-old > 2-year-old > 8-year-old > 1-year-old. Among the different forest ages, the 3-year-old forest had the highest levels for all the indices. When compared with the 1-, 2-, 5-, and 8-year-old forests, it was found that the soil H of the 3-year-old forest increased by 5.03%, 4.74%, 0.69%, and 8.55%, respectively, on average; J increased by 8.27%, 4.73%, 0.69%, and 8.54%, respectively, on average; D S increased by 3.68%, 1.43%, 0.11%, and 1.83%, respectively, on average; U increased by 109.20%, 39.84%, 2.02%, and 96.20%, respectively, on average; and R increased by 31.88%, 21.33%, 2.25%, and 26.39%, respectively, on average. In addition, differences in all the indices were significant in soil microbial communities at various forest ages, except for the D S . The diversity indices and AWCD values at various forest ages were used to perform a cluster analysis, and the results showed that the five forest ages were clustered into two parts ( Figure 2) ; namely, 2-, 3-, and 5-year-old forests were clustered together, whereas 1-and 8-year-old forests were clustered together. Table 3 . Diversity indices of the soil microbial communities from the eucalyptus plantations at different ages. 
Stand Ages
H J Ds U S 1-year-old 3.19 ± 0.11b 0.90 ± 0.01b 0.93 ± 0.04a 5.64 ± 0.76c 23.00 ± 1.73c 2-year-old 3.20 ± 0.06ab 0.93 ± 0.19ab 0.95 ± 0.01a 8.44 ± 0.65b 25.00 ± 3.61ba 3-year-old 3.36 ± 0.05a 0.98 ± 0.014a 0.96 ± 0.
Carbon Source Utilization Level by Soil Microbiota
There were 31 types of carbon sources in the Biolog EcoPlate, including carbohydrates (12 types), polymers (4 types), carboxylic acids (5 types), phenolic acids (2 types), amino acids (6 types), and amines (2 types) ( Table 2 ). The utilization of these six categories of carbon sources by soil microbiota in eucalyptus plantations at various forest ages was distinctly different; the 3-and 5-year-old forests had significantly greater utilization rates of carbon sources than the other forests ( Figure 3 ). The 
There were 31 types of carbon sources in the Biolog EcoPlate, including carbohydrates (12 types), polymers (4 types), carboxylic acids (5 types), phenolic acids (2 types), amino acids (6 types), and amines (2 types) ( Table 2 ). The utilization of these six categories of carbon sources by soil microbiota in eucalyptus plantations at various forest ages was distinctly different; the 3-and 5-year-old forests had significantly greater utilization rates of carbon sources than the other forests ( Figure 3 ). The carbon source utilization rates in the 1-, 3-, and 5-year-old forests followed the order of carbohydrates > amino acids > carboxylic acids > polymers > amines > phenolic acids; whereas those in the 2-and 8-year-old forests followed the order of carbohydrates > amino acids > polymers > carboxylic acids > amines > phenolic acids. Thus, carbohydrates were the major carbon source utilized by eucalyptus rhizosphere soil culturable microbiota, while phenolic acids and amines were the least utilized. 
There were 31 types of carbon sources in the Biolog EcoPlate, including carbohydrates (12 types), polymers (4 types), carboxylic acids (5 types), phenolic acids (2 types), amino acids (6 types), and amines (2 types) ( Table 2 ). The utilization of these six categories of carbon sources by soil microbiota in eucalyptus plantations at various forest ages was distinctly different; the 3-and 5-year-old forests had significantly greater utilization rates of carbon sources than the other forests ( Figure 3) . The carbon source utilization rates in the 1-, 3-, and 5-year-old forests followed the order of carbohydrates > amino acids > carboxylic acids > polymers > amines > phenolic acids; whereas those in the 2-and 8year-old forests followed the order of carbohydrates > amino acids > polymers > carboxylic acids > amines > phenolic acids. Thus, carbohydrates were the major carbon source utilized by eucalyptus rhizosphere soil culturable microbiota, while phenolic acids and amines were the least utilized. 
Carbon Source Species Utilized by the Soil Microbial Community in Eucalyptus Plantations at Various Forest Ages
The (C-R) values of 31 carbon source species from the 192 h eucalyptus soil samples at various forest ages were used to create a heatmap ( Figure 4) . The results suggest that there was a great difference in the carbon source species metabolized by the soil microbiota at various forest ages, among which, the 1-year-old forest could only metabolize β-methyl-D-glucoside. L-threonine, glycose-L-glutamic acid, D-cellobiose, glucose-1-phosphate, α-ketobutyric acid, α-Dlactose, D, L-α-glycerol phosphate, and putrescine. The 8-year-old forest could only utilize three carbon sources, which were D-galactonic acid γ-lactone, D-xylose, and glycose-L-glutamic acid. Thus, it was observed that the 3-year-old forest could metabolize the most number of carbon source species, whereas the 1-and 8-year-old forest could metabolize the least number of carbon source species. In addition, carbohydrates were the most frequently metabolized carbon source. 
Principal Component Analysis (PCA) of Carbon Source Utilization by Soil Microbiota
Using PCA, four principal components were extracted from the 31 factors, which had the eigenvalues of 0.5242, 0.1339, 0.0943, and 0.0661, respectively, with the cumulative variance contribution rate as high as 81.86%. Among these, the top two principal components PC1 and PC2 had contribution rates of 52.42% and 13.39%, respectively, and both these components were used to analyze the microbial community functional diversity ( Figure 5 ). There were distinct differences in the soil microbial communities from the eucalyptus plantations at five different forest ages. Typically, the data points of the 1-, 2-, and 8-year-old forests were dispersed, demonstrating great variations in their soil metabolic diversity type; the data points of 3-and 5-year-old forests were concentrated, suggesting their similar soil metabolic functions. The differences in the utilization of the same carbon source at various forest ages were also significant. After analyzing the factor loading of the top two 
Using PCA, four principal components were extracted from the 31 factors, which had the eigenvalues of 0.5242, 0.1339, 0.0943, and 0.0661, respectively, with the cumulative variance contribution rate as high as 81.86%. Among these, the top two principal components PC1 and PC2 had contribution rates of 52.42% and 13.39%, respectively, and both these components were used to analyze the microbial community functional diversity ( Figure 5 ). There were distinct differences in the soil microbial communities from the eucalyptus plantations at five different forest ages. Typically, the data points of the 1-, 2-, and 8-year-old forests were dispersed, demonstrating great variations in their soil metabolic diversity type; the data points of 3-and 5-year-old forests were concentrated, suggesting their similar soil metabolic functions. The differences in the utilization of the same carbon source at various forest ages were also significant. After analyzing the factor loading of the top two principal components (Table 3) , 14 kinds of single carbon sources were found to contribute greatly to PC1 (with the factor loading >0.8), including α-cyclodextrin, phenylethylamine, γ-hydroxybutyric acid, 4-hydroxy-benzoic acid, D-malic acid, L-serine, itaconic acid, D-glucosaminic acid, Tween-80, glycyl-L-glutamic acid, putrescine, L-arginine, Tween-40, and glucose-1-phosphate; whereas, carbohydrates, including D-xylose/aldopentose, N-acetyl-D-glucosamine, and D-mannitol made great contributions to PC2 (with the factor loading >0.5). Thus, carbohydrates made major contributions in principal component separation.
Relationship between Soil Microbial Community Functional Diversity with Soil Chemical Factors
The diversity index and soil factor data in the experimental plots were subjected to canonical correspondence analysis (CCA) ( Figure 6 ). The cumulative degree of interpretation of the first two axes was as high as 91.19%, indicating that the first two axes in CCA could well reflect the relationship between the community species and environment in the researched region. The included angles of pH, TN, and AN with the primary shaft were small, followed by the angles of TK and TC with the primary shaft, suggesting a great correlation of these factors with the primary shaft, and in this case, a markedly negative correlation. The included angles of TP and AP had a great correlation with the secondary shaft, indicating a close correlation of these factors with the soil microbial functional diversity. PC1 (with the factor loading >0.8), including α-cyclodextrin, phenylethylamine, γ-hydroxybutyric acid, 4-hydroxy-benzoic acid, D-malic acid, L-serine, itaconic acid, D-glucosaminic acid, Tween-80, glycyl-L-glutamic acid, putrescine, L-arginine, Tween-40, and glucose-1-phosphate; whereas, carbohydrates, including D-xylose/aldopentose, N-acetyl-D-glucosamine, and D-mannitol made great contributions to PC2 (with the factor loading >0.5). Thus, carbohydrates made major contributions in principal component separation. 
The diversity index and soil factor data in the experimental plots were subjected to canonical correspondence analysis (CCA) ( Figure 6 ). The cumulative degree of interpretation of the first two axes was as high as 91.19%, indicating that the first two axes in CCA could well reflect the relationship between the community species and environment in the researched region. The included angles of pH, TN, and AN with the primary shaft were small, followed by the angles of TK and TC with the primary shaft, suggesting a great correlation of these factors with the primary shaft, and in this case, a markedly negative correlation. The included angles of TP and AP had a great correlation with the secondary shaft, indicating a close correlation of these factors with the soil microbial functional diversity. 
Discussion
Variations of Soil Microbial Carbon Source Utilization Activity in Eucalyptus Forests at Various Forest Ages
AWCD is related to the number and species of microbiota that can utilize the single carbon source in a soil microbial community, and it reflects the overall capacity of the microbial community to utilize the carbon source [48, 49] (Figure 1 ). In this experiment, the AWCD of the soil microbes from eucalyptus plantations at various forest ages displayed the conventional microbial growth curve (from the adaptation to the stable phase) with an increase in the culture time [50] and was consistent with the results from other similar studies [47, 51, 52] . The higher the AWCD value, the higher the soil microbial metabolic activity [13] . During the entire culture incubation period, the AWCD values of 3-and 5-year-old forests were markedly higher than that of the other forest ages; the soil microbial species and number were also remarkably greater in the 3-and 5-year-old forests than that of the other forest ages. Thus, the soil microbial activities at these two forest ages are higher than that at the other forest ages. The 3-and 5-year-old forests have low absorption and high return of nutrients as compared to the forests of other ages because these forests have a greater amount of litter accumulation, which improves the nutrient availability to the soil microbes by increasing the number of carbon species available to them, consequently leading to an increase in the soil microbes [53] . Bending et al. and Günther have also suggested that the organic carbon content and the carbon to nitrogen ratio of the soil markedly correlate with the metabolic activity of the soil microbes [54, 55] . In addition, with the increase in forest age, the secretion of certain allelochemicals, like metabolic intermediates and secondary metabolites, increases; these secretions greatly affect the soil microbes and could promote their activities. However, various metabolites, when they accumulate to a certain amount, have been reported to kill the soil microbes by suppressing their growth [56] . Additionally, the application of herbicides in an artificial forest also reduces the surface soil microbial biomass diversity [57] .
Soil Microbial Functional Diversity of Eucalyptus Plantations at Different Ages
We calculated the soil microbial diversity indices, through PCA and CCA, using the data obtained from the cultures at 192 h. The H reflects the species diversity and evenness within the community, the D S characterizes the species diversity and coverage within the community by determining the probability of a species in the community meeting the other, the J characterizes the abundance distribution evenness of various species in the community, and the U measures the homogeneity of the community [50] . These diversity indices reflect the different aspects of soil microbial community composition and can analyze the functional diversity of the soil microbial community [55] . All diversity indices in this study initially increased with the eucalyptus forest age until the near-mature stage and then decreased with further increase in the forest age (Table 3) , which was different from the findings of Gu et al. [58] . This could be because of human activities, such as mountain cleaning, leveling, and digging at the early plantation stage of the eucalyptus that greatly affect the soil and reduce its microbial diversity. At the subsequent stages, because of no man-made disturbance, the environmental conditions were conducive for microbial survival, hence, the microbial diversity gradually increased. Eucalyptus forests are cultivated for their economic value in large areas in Guangxi and their harvesting reduces the microbial diversity at the late stage since the mountain soil gets cleared because of cutting down of trees [31] . Moreover, the cluster analysis results suggest that the 2-, 3-, and 5-year-old forests were clustered together, whereas 1-and 8-year-old forests were clustered together ( Figure 2) . These results conclusively prove that the species diversity in eucalyptus plantations has an influence on the soil microbial composition and functional activity. For the soil samples from all five plantation areas, the differences in all the indices were statistically significant among various forest ages, except for H, suggesting that forest age had marked influence on the forest soil microbial community structure, which was similar to the finding of a previous study [59] . Among all the forest ages, the diversity indices in the 3-year-old forest were the highest, indicating that the 3-year-old forest had the optimal soil microbial community functional diversity, followed by the 5-year-old forest. In addition, the U in 3-and 5-year-old forests was significantly different from those in the other forest ages, revealing that soil microbes in the other forest ages show high homogeneity.
PCA and CCA of Soil Microbial Utilization
The TC, AN, TN, and TK were found to negatively correlate with the soil microbial functional diversity through the CCA analysis, suggesting that these nutrients were one of the important causes of obtaining different soil microbial community diversity in the plantations at various ages. The TP and AP positively correlated with microbial functional diversity; phosphorus deficiency in the soil in south China is common, so phosphate fertilizer can be applied in afforestation. Soil nutrients provide an important carbon source and nitrogen source for soil microbes [60] . In this study, soil nutrients at various forest ages were lower than that in the study performed by Xu [57] , which could be because of the differences in the soil depths, forest ages, site conditions, substrate qualities, and the number of litters in the research area. As a result, attention should be paid to the soil nutrient status in eucalyptus forest operation, and appropriate and effective fertilizer application must be carried out. Apart from the nutrients, pH is also an important factor influencing the soil microbial community. In this study, the soil pH at each forest age was mildly acidic, which might be related to the local climate in Guangxi, soil type or the acidic compounds secreted by the eucalyptus root system; the soil microbial functional diversity negatively correlates with pH, as a majority of microbes grow in neutral or weak alkaline environments [61] .
In this study, the soil microbes in eucalyptus plantations at various ages had different utilization capacities of the six types of carbon sources (Figure 3 ), which might be ascribed to the different soil microbial community structures under different forest age conditions. However, the major carbon source utilized at various forest ages was carbohydrates, and PCA also showed that the highest contribution to PC1 and PC2 was by carbohydrates, followed by amino and carboxylic acids. These results were similar to the results obtained by Xu et al. on the soil microbial functional diversity in eucalyptus artificial forests at various forest ages on Hainan Island [57] . There were significant differences in the carbon sources utilized by soil microbes in eucalyptus plantations at various ages, which indicate that there were differences in the type and content of the compounds released by the eucalyptus at various ages into the soil. Specifically, if more carbohydrates are secreted by the plants into the soil, the capacity of the soil microbes to utilize the carbon substrates should become strong at least for the culturable fraction of the microflora [62] .
Conclusions
The microbial metabolic functions, diversity indices, and soil physicochemical properties in eucalyptus plantations at various ages in Guangxi are different, and the forest age has a marked influence on the forest soil microbial community structure. The carbon source utilization capacity of soil microbes at various forest ages follows the order of 3-year-old > 5-year-old > 2-year-old > 1-year-old > 8-year-old. The carbon source with the highest microbial utilization rate is carbohydrates, followed by amino acids and carboxylic acids. In addition, the total nutrients and pH of the soil are the leading ecological factors affecting the soil microbial community structure; during the eucalyptus afforestation programs, measures such as applying organic and microbial fertilizers and increasing plant diversity should be taken to relieve the soil productivity recession by regulating the soil microbial community structure and metabolic activity [60] . The results obtained by the Biolog EcoPlate method only represent a part of the entire microbial community to some extent, as microbes that do not utilize the carbon sources in the plates and those that were at a dormant state could not be manifested in the microbial community functional diversity; thus, the entire information of the microbial community structure could not be directly and completely obtained [39] . To intensively investigate the soil microbial community functional diversity, techniques such as soil metagenomics and phospholipid fatty acid analysis should be used in combination. Additionally, factors including soil depth, stand density, site sea level, slope, and slope aspect should also be taken into consideration, to profoundly illustrate the relationship between soil microbial diversity in eucalyptus forests and their surrounding environment.
